We study the spectroscopic properties of thin films of potassium ytterbium gadolinium double tungstates, KYb 0.57 Gd 0.43 (WO 4 ) 2 , and potassium ytterbium lutetium double tungstates, KYb 0.76 Lu 0.24 (WO 4 ) 2 , specifically at the central absorption line near 981 nm wavelength, which is important for amplifiers and lasers. The absorption cross-section of both thin films is found to be similar to those of bulk potassium rare-earth double tungstates, suggesting that the crystalline layers retain their spectroscopic properties albeit having >50 at.% Yb 3+ concentration. The influence of sample temperature is investigated and found to substantially affect the measured absorption cross-section. Since amplifiers and lasers typically operate above room temperature due to pump-induced heating, the temperature dependence of the peak-absorption cross-section of the KYb 0.57 Gd 0.43 (WO 4 ) 2 is evaluated for the sample being heated from 20 °C to 170 °C, resulting in a measured reduction of peakabsorption cross-section at the transitions near 933 nm and 981 nm by ~40% and ~52%, respectively. It is shown that two effects, the change of Stark-level population and linewidth broadening due to intra-manifold relaxation induced by temperature-dependent electronphonon interaction, contribute to the observed behavior. The effective emission cross-sections versus temperature have been calculated. Luminescence-decay measurements show no significant dependence of the luminescence lifetime on temperature.
Introduction
Ytterbium-doped host materials are known as excellent gain media due to the simple energylevel scheme of trivalent ytterbium (Yb 3+ -doped epitaxial layers for thin-disc applications [3] . Although amplifier and laser experiments based on epitaxial layers with up to 52 at.% of Yb 3+ have been performed [3, 9] , reports on the detailed investigation of the spectroscopic properties at such high Yb 3+ concentrations are scarce [11] . Particularly, it is unclear whether the transition cross-sections remain the same given the substantial amount of Yb 3+ ions in the sample. Furthermore, highly Yb 3+ -doped devices may operate at elevated temperatures. In order to understand and model the operational characteristics of such amplifiers and lasers, knowledge of the dependence of the transition cross-sections on temperature is necessary. The temperature-dependent characteristics of amplifiers and lasers have been analyzed using cross-section values estimated from the temperature-dependent population of the relevant Stark level [12] , however the validity of such an approximation is unclear, as it is generally known that linewidth broadening plays a role as well.
Here we investigate the temperature dependence of the absorption cross-sections in KRE(WO 4 ) 2 thin films activated by Yb 3+ . As the reported peak-absorption cross-section of Yb 3+ in KRE(WO 4 ) 2 at 981 nm found in the literature varies widely from 7.1 × 10 −20 cm 2 to 13.3 × 10 −20 cm 2 [1, 13] , the room-temperature absorption is carefully determined prior to the temperature-dependent study. A key factor affecting the measurement of peak-absorption cross-sections at 981 nm, namely stray light in the measurement system, is discussed. The peak-absorption cross-sections in the thin films with Yb 3+ concentrations exceeding 50 at.% are found to be similar to those of bulk KRE(WO 4 ) 2 , suggesting that the spectroscopic properties are retained even when Yb 3+ becomes a dominating rare-earth element in the active layer. With the aid of a fundamental theoretical analysis, we deduce that the change of the peak-absorption cross-sections at 933 nm and 981 nm with temperature is governed by the combination of two effects, the change of Stark-level population and the linewidth broadening due to intra-manifold single-phonon relaxation. Our experimental results show good agreement with the theory and confirm the strong influence of linewidth broadening on the reduction of peak-absorption cross-section values within the temperature range investigated. The theoretical analysis is applicable to other rare-earth-doped crystals and will be valuable for assessing the temperature-dependent absorption of new gain materials.
Sample preparation
Two samples were prepared for the experiments. The first one consists of a layer of KYb x Gd 1-x (WO 4 ) 2 , with a nominal Yb 3+ concentration of 57.5 at.%, grown onto commercially available 1-mm-thick, b-oriented KY(WO 4 ) 2 substrates (Altechna) by liquid-phase epitaxy (LPE) using a K 2 W 2 O 7 solvent at 920−925 °C [8, 14] . In view of the high amount of Yb 3+ , the lattice parameters of the epitaxial layer were engineered and optimized by co-doping with optically inert gadolinium (Gd) ions to minimize the lattice mismatch in a and c crystallographic directions. In addition, a highly temperature-stable LPE-growth system with the growth temperature controlled within ± 0.1 °C enabled us to realize a high-quality crystalline layer. Further details about the lattice engineering approach for accommodating high Yb 3+ concentration in an epitaxial layer grown onto a KY(WO 4 ) 2 substrate can be found in [8] .
The second sample is a KYb y Lu 1-y (WO 4 ) 2 layer with a nominal Yb 3+ concentration of 75 at.%, grown onto a 2-mm-thick KLu(WO 4 ) 2 substrate, with the largest surface perpendicular to the b crystallographic direction, and cut from a single crystal that was home-grown by topseeded solution growth (TSSG) [3] . To grow the KYb y Lu 1-y (WO 4 ) 2 epitaxial layer, a solution with a solute:solvent ratio 7:93 mol% was used, since it allowed us to control the growth rate of the layer [15] . The saturation temperature (T s ) was accurately determined using a KLu(WO 4 ) 2 b-oriented crystal seed placed in contact with the surface of the solution by adjusting to the point where neither growth nor dissolution of the seed was observed. Subsequently, the KLu(WO 4 ) 2 substrate was partially immersed into the solution at T s by vertical dipping. Immediately after immersion, the temperature of the solution was decreased by 3 K below T s and the epitaxial growth process was undertaken at this temperature for 3 hours. Finally, the substrate was removed from the solution and the furnace was cooled to room temperature at 15 K h −1 , thus preventing cracking of the structures by thermal shock. The Yb 3+ concentrations of both samples were determined with an Energy Dispersive Xray (EDX) module attached to a Scanning Electron Microscope (Zeiss Merlin HR-SEM), resulting in x = 0.57 ± 0.03 at.% for the KYb x Gd 1-x (WO 4 ) 2 layer and y = 0.76 ± 0.03 at.% for the KYb y Lu 1-y (WO 4 ) 2 layer. We will refer to these two samples as KYb 0.57 Gd 0.43 (WO 4 ) 2 and KYb 0.76 Lu 0.24 (WO 4 ) 2 , respectively, hereafter. The rear surface of each sample was lapped and polished to remove the excess growth layer, whereas their respective front surface was lapped and polished parallel to the substrate. The final thicknesses of the KYb 0.57 Gd 0.43 (WO 4 ) 2 and the KYb 0.76 Lu 0.24 (WO 4 ) 2 epi-layers were measured with a Dektak profilometer and found to be ~32 μm and ~124 μm, respectively.
Absorption measurements on films with high ytterbium concentration

Measurement setups
A dual-beam spectrophotometer (Shimadzu UV1800) with a spectral bandwidth of 1 nm is used together with a near-infrared (NIR) polarizer with >400:1 extinction ratio (Thorlabs LPNIRE100-B) to determine the absorbance of both samples, as shown in Fig. 2(a) . Wavelength scans from 900 nm to 1050 nm with data acquisition in 0.1 nm steps are performed to determine the absorption due to Yb 3+ ions. As the epitaxial layers were grown along the N p direction, absorption spectra with E||N m and E||N g polarization can be measured. We limit our study to the absorption polarized to E||N m , because this polarization exhibits the highest transition cross-sections and, therefore, is more commonly used for amplifier and laser experiments than the E||N g polarization. A series of measurements is performed while the polarizer is rotated by ~180° in steps to determine the sample orientation for absorption polarized to E||N m . The absorption spectrum for each angle step is corrected for the spectral response of the polarizer at the same angle as well as the Fresnel reflections of the sample. The E||N m polarization is identified by the angle which produces the highest corrected absorption at the central absorption line near 981 nm wavelength. This peak absorption value follows a sinusoidal-like trend as the polarization angle is changed. The temperaturedependent absorption measurement is performed on KYb 0.57 Gd 0.43 (WO 4 ) 2 using this setup. A copper sample holder in contact with a Peltier element, as shown on the right of Fig. 2(a) , is used. The temperature of the sample is regulated using a thermoelectric temperature controller (Melcor MTTC1410). Fig. 2 . Schematic diagrams of (a) the commercial dual-beam spectrophotometer with a polarizer, (b) the free-space measurement setup with optical detection by a power meter, and (c) the free-space measurement setup with optical detection by a cooled detector attached to a spectrometer. The sample holder used for the temperature-dependent study is shown at the right of (a).
Figure 2(b) shows a free-space setup with a Ti:Sapphire laser (Spectra-Physics 3900S, linewidth <40 GHz) used for the measurement of the KYb 0.76 Lu 0.24 (WO 4 ) 2 sample with a high total absorption of ~35 dB at 981 nm wavelength. The intensity of the beam is attenuated to <0.5 W/cm 2 over the entire measured wavelength range to ensure that it is much lower than the saturation intensity of 5.4 kW/cm 2 [5] at 981 nm. A broadband half-wave plate is used to rotate the polarization of the light source. In order to identify the E||N m axis the transmission at 981 nm wavelength is measured and the half-wave plate is rotated until a minimal power is transmitted through the sample. A silicon detector (Coherent OP-2 VIS) with a specified detection range of ~50 dB at 1000 nm wavelength is used to measure the transmitted optical power as the sample is positioned within/out of the beam path. The probe wavelength is tuned manually with tuning steps of ≤5 nm. The tuning step is gradually reduced to 1 nm and then 0.25 nm near the absorption peaks at 933 nm and 981 nm, respectively, to minimize the data acquisition time while ensuring that the absorption peaks are well resolved. For each wavelength step, three data points are recorded and an averaged absorption value is deduced. Figure 2(c) shows the variation of the free-space setup to further minimize the influence of stray light. After passing through the sample, the probe beam is passed through a spectrometer (Jobin Yvon iHR550). The detection wavelength is tuned to the probe-beam wavelength, hence any residual luminescence from the Ti:Sapphire laser crystal at other wavelengths is effectively discriminated from detection. A cooled detector and lock-in amplification are used to increase the signal-to-noise ratio. Figure 3(a) shows the absorption spectra of KYb 0.76 Lu 0.24 (WO 4 ) 2 measured with the different setups for the polarization E||N m . In the case of the spectrophotometer, the maximum measured total absorbance of the sample and polarizer is merely ~2.6 optical density (O.D.), although the measurement instrument has a specification of 4 O.D. Such an effect is known for measurements on samples with high absorbance and is due to the stray light from the dispersive grating element which scatters a small amount of light at other wavelengths [16] . As the spectrophotometer is tuned to 981 nm, the signal is heavily attenuated, whereas the stray light at other wavelengths experiences little or no absorption. Hence, the total intensity recorded by the detector at the peak is higher than the true transmitted intensity at 981 nm and the system produces a lower absorption reading. The stray-light problem is circumvented by use of higher signal power or a light source with better signal-to-noise ratio. Hence, the free-space setup displayed in Fig. 2(b) is used to repeat the measurement in KYb 0.76 Lu 0.24 (WO 4 ) 2 . The result, displayed in Fig. 3(a) as the dashed curve, shows a better-resolved absorption peak with a maximum absorption coefficient of 512 cm −1 . Nevertheless, when the probe beam is tuned to 981 nm, the wavelength spectrum collected after the sample still reveals some detectable residual NIR luminescence (~700−850 nm) from the Ti:Sapphire laser crystal. In order to further suppress the stray light, the probe beam is sent to the spectrometer equipped with a cooled detector, as shown in Fig. 2(c) . Using this setup, the peak-absorption coefficient is well resolved and approaches 658 cm −1 [see Fig. 3 (a), dotted curve], which is nearly two times the initial value obtained with the spectrophotometer. Applying the calculation method described in [16] , the respective amount of stray light in the spectrophotometer, the free-space setup with power meter, and the free-space setup with spectrometer and cooled detector are approximated as ~0.25%, ~0.15%, and <0.002% of the probe-beam intensity at 981 nm. . The absorption data are taken from Fig. 3(a) , using the spectrophotometer measurement result in the low-absorption range and the measurement results from the free-space setup with spectrometer and cooled detector at the peak-absorption region (970−985 nm) to retain data with good signal-to-noise ratio over the entire spectrum. Figure 3( 2 sample, respectively, the corresponding total absorption is much lower. Therefore, the stray light is not significant at the absorption peak near 981 nm and it is sufficient to use only the spectrophotometer setup for the KYb 0.57 Gd 0.43 (WO 4 ) 2 sample.
Absorption measurements
Both absorption spectra in Fig. 3 . The slight differences among the reported peak crosssection values may be attributed to the spectral resolution of the different measurement systems and/or the value of doping concentration used for the calculation of cross-sections. Based on the results in Fig. 3(b) as well as the comparison of the values in Table 1 , it is reasoned that the spectroscopic properties of the highly Yb 3+ -doped thin films are comparable to bulk potassium rare-earth double tungstates with low Yb 3+ concentration and stoichiometric potassium ytterbium double tungstate. 
Temperature dependence of cross-sections
Absorption spectra and decomposition of absorption peaks
The σ abs in KYb 0.57 Gd 0.43 (WO 4 ) 2 is determined from the measured absorption spectrum as a function of temperature, which is varied in controlled steps of 10 °C between 20 and 170 °C.
The maximum temperature is limited by the Peltier element used in the setup. Figure 4(a) shows the evolution of σ abs versus temperature. As the temperature is increased, the central absorption line near 981 nm reduces rapidly. The wavelength corresponding to the peak is slightly blue-shifted from 980.8 nm to 980.5 nm. A similar, but less drastic, reduction of absorption is also noted at the peak near 933 nm. However, the corresponding peak wavelength for this transition is shifted more from 932.9 nm at 20 °C to 931.7 nm at 170 °C. The temperature dependence of the peak σ abs at 933 nm and 981 nm shown in Fig. 4 (a) is further investigated by considering peak decomposition using multiple peaks fitting on the measured spectra with
where b 1N is the fraction of total population of the N-th Stark level within the ground-state manifold (where N = 1, 2, 3, or 4, see Fig. 1 ) relevant to the absorption transition, which can be estimated with the difference of energy with respect to the lowest Stark level, E 1N -E 11 , the Boltzmann constant, k B , and the temperature, T, using the following expression ( )
σ atom represents the atomic transition cross-section, which can be modeled in the frequency domain using the expression [22, 23] ( ) ( ), 
where v 0 is the center frequency and Δν is the full width at half maximum (FWHM). Δν strongly depends on temperature. Also small frequency shifts of v 0 with increasing T are observed.
( )
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is the integral transition cross-section [23], in units of (m 2 /s), which is independent of frequency and also considered independent of temperature, because Δν and σ atom (v 0 ) depend in opposite ways on temperature [23] .
The multiple peak fitting is performed using a data analysis program (Origin 9.1). Representative fitted absorption curves measured at 20 °C and 170 °C are depicted in Figs. 4(b) and 4(c). The 8 out of 12 total possible Stark-level transitions used for the fitting are also labelled in the figure. In the event of overlapping transitions, we consider the transition that involves lower Stark levels to be more relevant, assuming that both transition strengths are similar. For instance, the b 13 →b 23 transition (~970 nm) overlaps with the more prominent b 12 →b 22 transition, therefore it is not treated as an independent peak. This also applies to the b 14 →b 23 (~982 nm) and b 14 →b 22 (~1005 nm) transitions, which are overshadowed by the b 11 →b 21 and b 12 →b 21 transitions, respectively, due to much lower fractional population of the b 14 Stark level. The remaining b 14 →b 21 transition is not considered in the fitting, because the measured absorption is less apparent compared to other peaks. Besides, excluding this transition in the fitting has negligible impact on the following studies, because the corresponding transition wavelength of ~1040 nm is far from the 933 nm and 981 nm wavelengths. The peak absorption is well described by the Lorentzian shape even at 170 °C, thereby confirming the dominance of homogeneous broadening over the measurement range.
Temperature dependence of major absorption lines
From Fig. 4(c) , it is observed that the absorption peaks at 933 nm and 981 nm dominate even at 170 °C. For both cases, the magnitudes of their respective neighboring transitions are relatively weak. Assuming that the influence of neighboring transitions is negligible and the integral transition cross-section is independent of temperature, the temperature dependence of these major absorption peaks can be approximated from Eqs. (2)−(6) using only a single-peak representation, The change of the peak-absorption cross-sections at elevated temperatures with respect to 20 °C, σ abs (T)/σ abs (20 °C), is shown in Fig. 5(c) . A reduction by ~40% and ~52% for the transitions near 933 nm and 981 nm, respectively, occurs. The result from the simple model of Eq. (9) is in good agreement with the measured reduction of peak magnitudes, showing that the origin of the reduction of peak-absorption cross-section with temperature is a combination of the change in the population of the starting Stark level with temperature and the widening of the transition linewidth with temperature. In the high-temperature range, the simple model starts to deviate from the measurement points and the contributions from adjacent peaks need to be taken into account. 
Temperature dependence of emission spectra and lifetime
The temperature-dependent emission cross-sections σ em were calculated from the corresponding absorption spectra of Fig. 4(a) 
where h is the Planck constant, k is the Boltzmann constant, T is the temperature, E zl is the energy of the zero-phonon line, and the calculated partition functions at 20 °C are Z g = 3.2670 for the ground state and Z e = 2.6495 for the excited state. The calculated emission spectra for different temperatures are displayed in Fig. 6(a) and the temperature dependence of the effective emission and absorption cross-sections at the peak wavelengths of 981 nm and 933 nm is compared with each other in Fig. 6(b) . At 981 nm the Boltzmann distribution of the emitting level contributes to a decrease of the effective emission cross-section with increasing temperature, thereby adding up with the effect of linewidth broadening, resulting in a temperature dependence similar to that of the effective absorption cross-section. In contrast, at 933 nm the Boltzmann distribution of the emitting level contributes to an increase of the effective emission cross-section with increasing temperature, thereby counter-acting the effect of linewidth broadening, resulting in a temperature dependence that differs from that of the effective absorption cross-section. The luminescence lifetime at wavelengths longer than 1000 nm is measured in the KYb 0.57 Gd 0.43 (WO 4 ) 2 sample with chopped quasi-cw excitation at 981 nm using the pinhole method [25] , while the temperature is varied from 20 °C to 160 °C in steps of 20 °C. No significant temperature dependence is observed. The mean value of all data points is 230 µs and deviations of individual data points from the mean value are within ± 5%.
Discussion
Origin of linewidth broadening
Given the substantial influence of linewidth broadening on the temperature dependence of peak-absorption cross-sections, understanding the origin of linewidth broadening may help to generate a simple model that can describe the temperature dependence over a wide range of temperatures. The measured linewidth Δν is caused by intra-manifold transitions due to electron-phonon coupling on the fs time scale [23] , which establishes the Boltzmann distribution. Considering a single-phonon contribution to the homogeneous broadening, i.e., the transition is accompanied by the absorption/emission of one phonon, a simplified expression can be derived from the detailed calculation of the electron-phonon interaction for non-adiabatic systems [26,27],
where ћω is the energy of the phonon involved in the transition. This is the Bose-Einstein statistics applied to occupation of a phonon mode as a function of temperature. Applying Eq. (11) to the extracted linewidth at 981 nm given in Fig. 5(b) , a least-squares fit provides ћω = 164.3 ± 12 cm −1 , which corresponds to the energy gap between E 12 and E 11 .
The obtained ћω is reasonable, because the sum of fractional populations of these two Stark levels is ~87.4% at room temperature.
Extension of study to situations of cryogenic cooling
Amplifiers and lasers operating under intense optical pumping may experience significant thermal build up. Therefore, efficient heat removal is typically important for a proper performance of these devices. The findings in Figs. 4 and 5 are valuable for the investigation of devices operation without thermal management, passively cooled, or actively cooled via a Peltier element. Cryogenic cooling provides an option to further exploit the potential of the active material, in which a substantial increase in transition cross-sections, a reduction of population density in the lower laser level, and improvement of thermo-optical properties can be achieved [28] [29] [30] . With the insight on the linewidth characteristics from Eq. (11), the peak-absorption cross-section at cooled temperatures can be estimated, assuming that Eq. (11) is valid over the temperature range under consideration. Figure 7 shows the contribution of the linewidth and the fractional population to the change of peak-absorption cross-section at 981 nm from room temperature down to 77 K. The fractional population increases from ~61% to ~96%, whereas the FWHM reduces from ~3.5 nm to ~0.2 nm, each contributing a 1.6 × and 16 × enhancement factor to the absorption cross-section. The transition cross-section at 981 nm is expected to increase by a factor of 25 at 77 K and it is strongly influenced by the actual linewidth at the given temperature. 
Conclusion
The measured absorption data collected from highly Yb 3+ -doped potassium rare-earth double tungstate thin films have been presented. Care has been taken to reduce stray light in order to resolve the absorption peak. The calculated peak-absorption cross-sections from two thin films with >50 at.% of Yb 3+ are found to be comparable to those of reported bulk materials. Temperature-dependent absorption measurements revealed a strong dependence of the major absorption peaks at 933 nm and 981 nm on temperature. With the aid of a simple model, the reduction of peak-absorption cross-section can be explained by two effects, the reduced fractional population of the relevant Stark level and the linewidth broadening. The same model can be readily adapted on other rare-earth-doped crystals to evaluate the temperaturedependency of the respective absorption at the pump and signal wavelengths. Further investigation on the magnitude of the extracted linewidths reveals that intra-manifold relaxation within the two lowest Stark levels plays a role in the broadening phenomenon for the central absorption line at 981 nm. The effective emission cross-sections versus temperature have been calculated. Luminescence-decay measurements show no significant dependence of the luminescence lifetime on temperature. The reported results are not only useful for the understanding of amplifiers and lasers operating above room temperature, but also provide insight on the potential of enhanced absorption at 981 nm for the design of cryogenically cooled devices.
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